Rationale: Spontaneous pneumothorax is a common complication of Birt-Hogg-Dubé syndrome (BHD).
Birt-Hogg-Dubé syndrome (BHD) is an autosomal dominant condition caused by mutations in the folliculin gene (FLCN), a tumor suppressor gene. The characteristic clinical manifestations of BHD include formation of hair follicle tumors (fibrofolliculomas), kidney tumors, and pulmonary cysts (1, 2) . Pulmonary cysts are seen in 80 to 100% of patients with BHD (3, 4) and are associated with a risk of spontaneous pneumothorax that is 32-fold higher than in the general population (5) . Current literature suggests that spontaneous pneumothorax occurs in 24 to 38% of patients with BHD (3, 6, 7) , with a reported recurrence rate of up to 75% (3) . Mutations in FLCN are the most common etiology of familial pneumothorax (8) . To reduce morbidity, preventive strategies such as pleurodesis have been recommended following the initial spontaneous pneumothorax in patients with BHD (1, 2) . However, neither the optimal approach to management of pneumothoraces in BHD nor the efficacy of pleurodesis in preventing recurrent episodes is well established.
Atmospheric pressure changes during the ascent and descent phases of air travel result in expansion and compression of cystic air spaces in the thorax that can lead to cyst rupture and development of pneumothorax. The aim of our study was to evaluate the risk of pneumothorax, the efficacy of pleurodesis, and the safety of air travel in patients with BHD.
Methods Patient Recruitment
Patients with BHD were recruited from the Rare Lung Diseases Clinic Network, a geographically distributed consortium of clinics that was initially organized by the Lymphangioleiomyomatosis Foundation and adopted for the study of other rare lung diseases by the Rare Lung Diseases Consortium (RLDC). A link to the survey was also posted on the website of the BHD Foundation patient advocacy organization ( Figure 1 ). The study was conducted through the National Institutes of Health (NIH)-supported RLDC. The study protocol was reviewed and approved by the NIH and the University of Cincinnati Institutional Review Board (IRB number 2015-6129).
Survey Design
The survey consisted of 50 questions that addressed patient demographics, clinical manifestations of BHD, management of pneumothoraces, and details about air travel. Patients signed a written informed consent form prior to taking the survey and had the option of revealing their identity. Prior to distribution of the survey, test questionnaires were distributed to two patients with BHD and multiple lay personnel to enhance clarity, reduce ambiguity, and refine the questions and instructions.
Because retrospective distinction between persistent and recurrent pneumothorax can be problematic, all ipsilateral pneumothoraces reported within the same month were considered as one episode. If a given pneumothorax was treated with more than one intervention (e.g., chest tube followed by chemical pleurodesis followed by surgical pleurodesis), the most aggressive intervention (e.g., in this case, surgical pleurodesis) was listed as the treatment of record for that event.
For the purpose of our study, a pneumothorax that happened either during an air flight or within 24 hours after a flight was defined as flight-related pneumothorax. Authors of previous reports have commented on the likelihood of symptom delay and a late presentation of spontaneous pneumothorax following air travel (9) . A recent survey of patients with BHD conducted in the Netherlands defined any pneumothorax that happened within 1 month of air travel as flight-related pneumothorax (10). We chose to limit our definition to 24 hours to minimize the confusion between a true flight-related pneumothorax and an unrelated spontaneous pneumothorax that happened to occur a few days after air travel.
Data Collection and Analysis
Study data were collected and managed using Research Electronic Data Capture (REDCap) tools hosted at the University of Cincinnati (11) . REDCap is a secure, webbased application designed to support data capture for research studies and provides audit trails for tracking data manipulation, as well as automated export procedures to help with data analysis. De-identified data were stored in a password-protected format at the Data Management and Coordinating Center at the University of South Florida as part of the NIH-supported RLDC. Statistical significance was set at P , 0.05 and determined by the chi-square test and the z-statistic, as appropriate. Data analysis was performed using SAS for Windows version 9.4 software (SAS Institute, Cary, NC).
Results

Baseline Characteristics
A total of 104 patients completed the survey. The average age at first spontaneous pneumothorax was 36.5 years (range, 14-63 yr), and the average age at second spontaneous spontaneous pneumothorax was 37 years (range, 20-55 yr). Spontaneous pneumothorax was the presenting manifestation that led to the diagnosis of BHD in 65% of patients, after a mean of about two episodes (mean, 2.4; range, 0-7) ( Table 2 ). Figure 2 demonstrates the relationship between age at diagnosis and age at first and second spontaneous pneumothoraces in our cohort.
The majority of patients ( ORIGINAL RESEARCH a sentinel spontaneous pneumothorax. Figure 4 demonstrates the breakdown of recurrent pneumothoraces in our cohort. Spontaneous pneumothorax was diagnosed by chest radiography in the majority of the patients, with computed tomography (CT) used as a diagnostic modality for the first episode in only eight patients (10%). Among patients who underwent chest CT for diagnosis of spontaneous pneumothorax, CT was employed after a mean of 2.75 episodes of spontaneous pneumothorax (range, 1-8).
Smoking status had no impact on the pneumothorax rate in our study.
Sixty-two percent (47 of 76) of patients in our cohort had undergone at least one pleurodesis to prevent recurrent pneumothorax. Among patients with a history of pleurodesis, 62% had undergone unilateral pleurodesis, and 38% had undergone bilateral pleurodesis. Pleurodesis (chemical or surgical) was performed in 28% of the patients following their first episode of spontaneous pneumothorax, 37% of patients following a second episode, and 21% of patients after a third episode ( Figure 5) .
Pleurodesis was only partially effective at reducing the frequency of recurrent episodes of spontaneous pneumothorax (P = 0.02) (Figure 6 ). Managed conservatively (without pleurodesis), the ipsilateral recurrence rate of spontaneous pneumothorax was 63%. Following pleurodesis, 33% of patients (15 of 46) had an ipsilateral recurrence. A similar conclusion regarding the efficacy of pleurodesis was also reached by another group in a smaller study and reported in abstract form (12) . There was no significant difference in the efficacy of chemical (30%) versus surgical pleurodesis (35%) in reducing pneumothorax recurrence rates ( Table 2) .
Air travel. Ninety-six percent of the patients (99 of 104) in our cohort had flown at least once in their lifetime. The number of flights per patient varied from 1 to 2,000, with a median of 25 (interquartile range, 10-51). The number of lifetime flights taken by all members of our cohort was approximately 8,920, but excluding the four highly frequent travelers with more than 1,000 flights each, the total number of flights in the remaining patients was 3,720. There was no difference in the average number of flights taken by patients with a history of spontaneous pneumothorax as compared with patients without a spontaneous pneumothorax.
Patients frequently experienced constitutional symptoms during air travel, including, in decreasing order of frequency, chest pressure (52%), anxiety (50%), headache (31%), shortness of breath (28%), chest pain (28%), nausea (20%), fatigue (7%), oxygen desaturation by handheld pulse oximetry (4%), and peripheral cyanosis (2%). The proportion of patients who experienced chest pain and/or dyspnea during air travel was similar among patients with a history of spontaneous pneumothorax and patients without a spontaneous pneumothorax.
A total of 11 episodes of spontaneous pneumothorax occurred among eight patients either during or within 24 hours of air travel (Table 3) ORIGINAL RESEARCH than 1,000 flights, the pneumothorax risks were 7.4% per patient and 0.27% per flight. Three (27%) of these 11 episodes were the first episodes of spontaneous pneumothorax, and the remaining 8 episodes represented recurrent spontaneous pneumothoraces. Among these eight patients who had a recurrent flight-related spontaneous pneumothorax, the majority (7 [87.5%] of 8) had not undergone prior pleurodesis and one had experienced a recurrent flight-related spontaneous pneumothorax after having undergone pleurodesis. There was a statistically significant difference between these proportions (P = 0.017), suggesting that prior pleurodesis may reduce the rate of subsequent flight-related pneumothorax. Table 4 provides a detailed description of the flight-related pneumothoraces. Twenty-four percent (23 of 96) of patients changed their flight frequency after the diagnosis of BHD was established, with 70% avoiding air travel altogether and the remaining 30% significantly reducing their frequency of air travel. The reasons for avoiding air travel were varied and included personal assessment of risk of air travel (50%), physician's advice (28%), reasons other than BHD (18%), and a history of spontaneous pneumothorax (4%). The recommendations that patients were given by caregivers regarding the safety of air travel after spontaneous pneumothorax were variable. More than half (56%) of the patients were given no specific recommendations regarding the safety of future air travel, 3% were told it is safe to fly 1 week following pneumothorax, 11% were told it is safe to fly 1 month after pneumothorax, 21% were told it is safe to fly more than 1 month after pneumothorax, and 9% of patients were advised against any future air travel.
Discussion
The results of our analysis demonstrate that spontaneous pneumothorax is an important phenotypic manifestation of pulmonary involvement in BHD and is characterized by frequent recurrences. In our cohort, greater than 75% of patients with BHD experienced at least one spontaneous pneumothorax, with approximately 80% chance of recurrence. Patients with a sentinel pneumothorax typically experienced three recurrent spontaneous pneumothoraces following their initial event. Pleurodesis reduced the recurrence rates by half compared with conservative management. Thus, we recommend that pleurodesis should be performed following the initial spontaneous pneumothorax, especially given that BHD is generally nonprogressive and does not typically result in the need for lung transplant (which can be more complicated in patients with prior pleurodesis).
Occurrence of an in-flight pneumothorax in the general population is a rare event, with no events reported in multiple large studies investigating the safety of air travel (13) (14) (15) . However, 
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patients with diffuse cystic lung diseases may be at higher risk of development of in-flight spontaneous pneumothorax owing to cyst expansion related to atmospheric pressure changes.
The risk of development of spontaneous pneumothorax related to air travel in patients with lymphangioleiomyomatosis (LAM) has been investigated in two different studies (16, 17) . Both showed that it is quite safe for most women with LAM to travel by air, with a flight-related pneumothorax rate of 1 to 2% per flight. However, a significant proportion of patients with self-reported air travel-related pneumothorax had symptoms consistent with a spontaneous pneumothorax prior to boarding, suggesting that the actual rate of in-flight pneumothorax among patients with LAM is somewhat lower (16) . These results have been used to counsel patients with BHD about the safety of air travel in the absence of disease-specific data (1, 2).
Our study indicates that patients with BHD have a risk of spontaneous pneumothorax during flight that is most likely less than 1%, which, although low, is still likely higher than in most other pulmonary diseases. We also found that patients with BHD with a history of pleurodesis are less likely to experience a flight-related pneumothorax than patients without a history of pleurodesis. Patients with BHD should be informed about the risks of pneumothorax and the benefits of pleurodesis, educated regarding the signs and symptoms of a spontaneous pneumothorax, and counseled to seek medical evaluation prior to boarding an airplane if they have new and unexplained chest pain or shortness of breath.
We also found that patients experienced a considerable amount of anxiety related to the risk of spontaneous pneumothorax during air travel, which may be partially rooted in insufficient counseling by caregivers. Approximately half of the patients in our study experienced chest pressure related to air travel, along with a variety of other nonspecific symptoms, and one-fourth changed their flight frequency after a diagnosis of BHD, with most deciding to abandon flying altogether.
Anticipatory counseling regarding the general safety of air travel for patients with BHD may help them with symptom management and improve their quality of life.
Another question that is important to patients is when they can return to flying after pneumothorax. Evidenced-based recommendations are not available, but most sources cite air travel restrictions of between 1 and 4 weeks after resolution of pneumothorax (13, 18) . The advice that patients in our study received reflects the lack of consensus regarding this question, varying from "it is safe to fly in 1 week" to "I advise against all future flying." Of note, over half the patients were given no clear recommendations regarding the safety and timing of future air travel.
There is a remarkable delay in establishing the diagnosis of BHD; on average, Table 3 . Flight-related pneumothorax rates among patients with Birt-Hogg-Dubé syndrome
Variables Data
Total number of flights taken 8,920 Number of pneumothoraces either during or within 24 h after a flight 11 Number of unique patients with a pneumothorax either during or within 24 h after a flight 
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the interval between onset of symptoms and diagnosis in our study was 13 years (range, 0-48 yr). The general lack of knowledge about this rare disease in the medical and lay communities is likely responsible for the protracted diagnostic delay in most patients with BHD, as it is in patients with LAM and pulmonary Langerhans cell histiocytosis. As a strategy to partially rectify this situation, we have advanced a financial argument that high-resolution CT for underlying LAM, BHD, and pulmonary Langerhans cell histiocytosis in patients who present with an apparent primary spontaneous pneumothorax is cost-effective (19) . We believe that earlier deployment of chest CT, as opposed to the typical practice of waiting until a recurrent episode before scanning, will lead to earlier diagnosis and cost-saving interventions such as pleurodesis.
The pneumothorax recurrence and pleurodesis efficacy results for BHD in our study are remarkably similar to those seen in patients with LAM. LAM is a rare, diffuse cystic lung disease seen almost exclusively in women and is characterized by the proliferation of abnormal smooth muscle cells in the lungs leading to progressive destruction of the lung parenchyma (20) . A survey-based analysis of 193 patients with LAM revealed a spontaneous pneumothorax rate of approximately 70%, with a 30% pleurodesis failure rate (21) . Other similarities between BHD and LAM with regard to pneumothoraces are summarized in Table 5 . The reason that post-pleurodesis pneumothorax is more common in BHD and LAM may relate to the subpleural localization of cysts (22) (23) (24) , which may be more prone to rupture through the visceral pleura and/or limit apposition and durable fusion of the visceral and parietal pleural surfaces with pleurodesis procedures.
The sex bias of respondents, with a ratio of 1:5, is unexplained; there is no known sex predilection of BHD or spontaneous pneumothorax in patients with BHD. It is tempting to speculate that there could be some commonalities between the remarkable sex bias in LAM and the apparent female predominance in our BHD population because both diseases involve the mechanistic target of rapamycin pathway. It is also possible that referrals to RLDC clinics are biased toward women with cystic lung disease who were initially sent for evaluation of possible LAM. The lack of sex bias in other BHD cohorts (3) points toward the possibility of selection bias rather than a true biologic sex effect. Polling BHD renal or dermatologic cohorts for spontaneous pneumothorax may help to clarify any sex predilection as well as the overall prevalence of pneumothorax in various populations.
Our goal was to survey the management and outcomes of spontaneous pneumothoraces in patients with BHD, especially with regard to the efficacy of pleurodesis and the safety of air travel. Our hope is that these data will enable clinicians and patients to make more informed decisions regarding the management of spontaneous pneumothoraces.
Limitations
Our study has several important limitations. The overall prevalence of spontaneous Definition of abbreviations: CT = computed tomography; CxR = chest radiography; SP = spontaneous pneumothorax. Pneumothorax numbers 1 and 2, 6 and 7, and 8 and 9 belong to the same patients. Eight patients experienced 11 flight-related pneumothoraces.
ORIGINAL RESEARCH pneumothorax (76%) was substantially higher than previously reported in the literature (24 to 38%) (3, 6, 7) . This likely represents an ascertainment bias because a significant proportion of the patients were recruited from pulmonary clinics, a BHD population in which spontaneous pneumothorax is almost certainly overrepresented among all BHD manifestations. Also, the study's premise of assessing safety of air travel may be more attractive to patients with a prior history of pulmonary problems, such as spontaneous pneumothorax.
The results obtained in this study are based largely on recall, often of events that happened years or even decades earlier.
Whereas recall of major medical events such as flight-related pneumothorax or prior pleurodesis is probably quite reliable, the same is not true of more minor events. For example, the number of flights taken is at best a rough estimate.
Last, our study is not informative with respect to risk factors that are predictive of pneumothorax in individuals with BHD. Researchers in prior studies have identified features such as cyst size, cyst number, and cyst volume that are associated with increased spontaneous pneumothorax risk in BHD (3). It is worth noting that spontaneous pneumothoraces also occur in patients with BHD without radiologically apparent cysts (24) .
Conclusions
Spontaneous pneumothorax is one of the most common phenotypic manifestations of BHD and has an extremely high rate of recurrence. Pleurodesis should be considered following the initial spontaneous pneumothorax to reduce future events. The risk of a flight-related pneumothorax in patients with BHD is less than 1% per flight and even lower for patients with a history of pleurodesis. Patients should be advised not to fly if they have new-onset chest pain or dyspnea prior to boarding. n Author disclosures are available with the text of this article at www.atsjournals.org.
